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CATCULATED TEMPERATURE HISTORIES OF VAPORIZ-
ING DROPLETS TO THE CRITICAIL POINT
By Paule Wieberl
Tewis Research Center
Netional Aeronautics and Space Administration
Cleveland, Ohio
ABSTRACT
/S0

Digital computations of droplet steady-state temperatures and droplet
mass and temperature histories were made to determine if droplet tempera-~
tures could approach the critical point. Pressures to 2000 psis were in-
vestigated. At sufficiently high pressure, the calculations showed both
heptane and oxygen droplets heating to their respective critical tempera-
tures. With increasing total pressure, a reduction occurred in both the
downstream dlstence after injection and the mass evaporated before the
droplets reached the critical point. This implied that a vaporization
model may be inadequate in describing overall combustion rates at high to-
tal pressures. Rapld droplet heating rates indicated that droplets could
spproach the critical point during combustion instability at high pres-
sures. Thils phenomenon could thus be involved in a mechanism for high-
pressure combustion instability.

SUMMARY

Droplet equilibrium temperatures and histories of droplet temperatures,

evaporation rates, and trajectories at rocket-combustor conditions were

computed to determine the conditions required for heptane and oxygen drop-

lets to attain their criticel temperatures. At sufficiently high total gas
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pressures, solutions of droplet equilibrium temperatures could not be ob=-
tained, and calculated histories at these high pressures showed droplets
heating to the critical point. Considerations of the physical rateg that
esteblish droplet thermal equilibrium offered an explanation for the
trends in the computed droplet steady-state temperatures and illustrated
the process by which droplets attain the critical point. 1In droplet
histories at high gas pressures, as little as 1/2 percent of the initial
mass of an oxygen droplet was vaporized before the droplet reached the
critical point, whereas at lower pressures all of the droplet mass was
evaporated in the vaporization process without the droplet zchieving the
eritical point. The results of the computetions indicated that the vapori-
zgtion model may not be valid for use in the design of high-pressure
rocket combustors. Application of the results to combustion instability
at high pressures indicated that the pressure perturbations or gas ve-
locity perturbations, which are associated with combustion instability,
could cause temperatures of all but the largest droplets to approach the
critical point, This phenomenon could casuse the formation of mmsses of
vapor for diffusion into the bulk gas stream and should be considered in
any high-pressure combustion-instability mechanism. ILiquid oxygen vapori-
zation rates also appeared to be potentially sensitive to small pressure
perturbations and could be important in the initiation of combustion in-
stability.
TWTRODUCTION
In the operatigg of a liquid-propellant rocket engine, the rate-

controlling process has been shown, in many cases, to be the veporization
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of propellent droplets formed soon after injection (ref. 1). The evapora-
tion process includes a period in which the droplet is heated from its in-
jection temperature to a steady-state (equilibrium) temperature that is
characterized by the transformation of all heast reaching the droplet sur-
face into latent heat of vaporization with no further contribution to
sensible heating of the liquid. The initial heating period has been shown
to be an apprecigble part of droplet life (e.g., refs. 2 to 5). These
studies also indicate that the droplet equilibrium temperature increases
with increasing gas temperature and pressure and perhaps approaches the
critical temperature of the liquid.

This report presents calculations of steady-state temperatures and
temperature, mass, and trajectory histories of droplets in high-pressure
and high-temperature environments. The calculations were made to determine
under what conditions the critical point is reached by vaporizing drops.
Mass transfer above critical conditions cannot be calculated because of
the lack of theory for this region. Thus, an upper limit on the regime
in which the present vaporization theory may be applied 1s defined herein.

The propellants studied were liquid heptane and liquid oxygen. The
boundary conditions for the calculations were representative of those oc=~
curring in the high-intensity combustion fields that exist in rocket engines.
Totel gas pressures up to 2000 psi were investigated. The results of the
calculations are presented graphically. Calculated temperatures show that
the droplets approach the critical condition before vaporization is com=-
pleted. The significance of this phenomenon to combustor design and to

combustion-instability mechanisms is discussed.
‘
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THEORY

A detailed theoretical analysis of heat transfer to the surface of an
eveporating droplet may be found in references 2 and 4. References 4 and 6
contain detailed derivations of the equations used for the calculations
reported herein. Accordingly, only a brief description of the droplet
model with the final equations is presented.

The droplet is surrounded by a vapor film. Heat transferred into this
film from the high-temperature environment serves to superheat the exuding
vapor and to provide a heat flux at the liquid surface of the droplet.

This surface heat flux raises the droplet temperature and provides enthalpy
for vaporization. The assumption of effectively infinite liquid thermsl
conductivity is made implying existence of a uniform droplet tempersture.
The assumption is based on rapid internal circulation within the droplet.
Reference 3 shows evidence for this circulation. A heat balance around

the drop leads to the following expression for the rate of change of drop-

let temperature with time:

dT
L 3 (T = T,) —=— (2 + 0.6 Prl/3Rel/2)
at 2 T L/ =z
ZCP,Ler e - 1
D M Hy P P ' (1)
- __VEL_K_E 1in T (2 + 0.6 Scl/SRel/Z)
R T | \Pp_ P

where

DM Co v P Pr Y| /2+ 0.6 scl/3rel/2)
—_ BV n
S kR T %"(PT - Pu/j\2 + o.6 Prl/ 3Rel/2)

The mass evaporetion rate in reference 4 can be related to the rate of change

of radius with time, 1f the droplet is assumed to be spherical:
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Consideration of the aerodynamic forces on a liquid sphere and use of an
empirical expression for drag coefficient gives the following equation for

droplet acceleration in the combustor:

0.16,0.84
EEQ = 5,656 EEL..l@L__.(U - U )1°16 (3)
at ° 1.84 d

Prr

Finally, the combustion gas velocity is assumed to be proportional to the
total amount of mass evaporated from the drop:
U = Ug(1 - w/wo) (4)

These equations were used to calculate vaporization histories for a drop-
let in rocket-engine conditions. The heptane calculatlions were made by
solving equation (2) for dr/dt and by using the resulting expression to
describe the mass-transfer rate. ILater modifications utilized dw/dt in
the oxygen calculations.

The major variables investigated were drop sizes of 10, 100, and
1000 microns and gas pressures from 100 to 2000 psis. Although vaporiza-
tion histories have previously been computed for rocket-engine conditions,
(e.g., refs, 6 and 7), chamber pressures did not exceed 600 psia. The
remaining conditlons used to specify the rocket combustor were: final
gas velocity, 800 ft/sec; gas temperature, 5000° R; droplet injection
velocity, 80 ft/sec; droplet injection temperatures, 650° R for heptane

and 140° R for liquid oxygen. r
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The steady-state condition can be calculated by setting equation (1),
which describes droplet heating, equal to zero, (as in ref. 4). The re-

sult is the following equation for droplet equilibrium temperature:

H
- L le® - 1) (5)

P,V

Thus, the equilibrium temperature is dependent on the gas temperature and
pressure, the physical properties that can be a function of both the
liquid tempersture and gas conditions, and the product of the drop size
and the drop velocity relative to the gas, included in the Reynolds
nunber, For this reason a trial-snd-error solution of the equation was ne=~
cessary. Boundary conditions for this calculation included gas pressures
from 50 to 1000 psia, gas temperatures from 4000° to 6000° R, %ggiReynolds
nunbers from zero to infinity.

Solution of the droplet-history and equilibrium~temperature equations
was performed on the Lewis Research Center IBM 7090 digital computer. The
mess (or radius), temperature, and drop velocity of the vaporization-
history equations were obtained by use of the Runge-Kutta integration
techniqug. The gas velocity and all physical properties were calculated
directly at each trial value of the gbove three varisbles. Terminstion of
each history computation occurred when either the liquid temperature ex-
ceeded the critical temperature or 96 percent of the initial droplet mass
was eveporated. The latter end point was arbitrarily chosen hecause the
differentials become unbounded as drop radius aspproascheg zerc. A check of

this program was made by running a case specified in reference 6. A
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comparison with the results of that reference showed satisfactory agree=~
ment. A program that involves converging trials with equation (5) gave
the equilibrium temperature to the nearest hundredth degree.

The physical properties were calculated in subroutines for flexi-
bility. The density, heat of vaporization, and vepor pressure of the
liquid were obtained directly from data of reference 8 for heptane and
references 9 to 13 for oxygen. Most of the other physical properties are
sumearized in the appendix of reference 6 in the form of linesr and
quadratic equations, and the relations for calculation of mean property
values are also described. However, it was necessary to determine new
equations for the specific heat, thermal conductivity, diffusivity, and
viscosity of weter vapor. The gas was treated as a polar molecule, and
the methods in reference 14 with some corrected tables and calculations
from reference 15 were employed to calculate these physical properties.
Equations were fitted to the results and are listed in appendix A,

RESULTS AND DISCUSSION

Initial calculation of some vaporization histories showed that the
droplet temperature did not attain equilibrium at high pressure but instead
continued rising to the critical point. Since the primary verieble was
liquid tempersture, a study of the veriation of equilibrium temperature
with rchanging  chanber parameters was made before continuing with the
droplet-history computations. The results are shown in figure 1 as re-
duced temperatures, TL,E/Tcrit‘ Thej are plotted against the total gas
pressure Py and also the ratio of the total pressﬂ'e to the critical pres-

(reduced total pressure ). Figure 1 shows

7

sure of the liquid, PT/Pcrit’
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that heptane requires a reduced total pressure from 1.78 to 2.30 for
attainment of its critical point, depending on the value of 1r AV, the
product of the drop size and the velocity of the drop relative to the
gas. The sensitivity of equilibrium temperature to r AV increases with
increasing liquid temperature. There is a region for heptane just below
the critical temperature in which no solution of equilibrium temperatures
exists. In contrast, oxygen reaches its critical point at a reduced
total pressure of unity, and its equilibrium temperature is independent
of r AV. The curve of oxygen equilibrium temperatures extends essentlally
to the critical temperstures. The trends displayed in figure 1 and the
appearance of the critical-heating phenomenon can be explained by con=-
siderations of the heat- and mass-transfer rgtes at the droplet surface.
These considerations are presented in appendix B.

The equilibrium temperatures of oxygen presented herein are somewhat
higher than those computed in reference 6 for liquid oxygen with gaseous
heptane. This is due mainly to use of a higher value for gas thermsl con=~
ductivity in this paper. Gas properties were calculated herein with water
vapor treated as a polar molecule., As a check, a linear extrapolation to
1800° R of experimental data for water vapor (refs. 16 and 17) gave a
value of thermsl conductivity very close to that calculated from the curve
fit used in this study. These higher oxygen temperatures are significant
because they have vapor pressures associated with them that are almost
egual to the respective chamber pressures. This indicates that the
vaporization of oxygen droplets may possibly take placi through surface

ebullition. If this is so, a small pressure rarefaction interacting with

8
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the droplet could produce violent boiling that might shatter the drop or,
at least, release a surge of oxygen vapor. This phenomenon might be im-
portant in initiation and support of combustion instebility in combustors
that employ liquid oxygen.

The calculations of equilibrium temperatures discussed previously
determined the gas conditions that are required for a droplet to reach
its critical point. These conditions may be found in high-pressure com=-
bustors such as rocket and diesel engines, 1In fact, droplet-history
calculations for diesel-engine conditions have indicated that liquid
temperatures reach the critical temperature (ref. 18). The examples of
thermodynamic and trajectory histories presented in figures 2 and 3 il-
lustrate the rates of heating of the droplets and allow some estimate to
be made of the importance of this phenomenon in a rocket-combustion model.
Figures 2(a) and (b) show histories for s 100-micron-radius heptane drop-
let vaporizing in a simulated rocket combustor, which operates at a
chanber pressure of 1000 psia. Both plots have the time after injection and
the distance downstream from the injector plotted on the abscissa.
Figure 2(a) shows droplet temperature and evaporation rate as ordinates.
Up to gbout 1 millisecond, the droplet behavior is similar to low pressure
histories; however, the droplet continues heating to the critical point
with & simultaneous rapid rise in vaporization rate. Figure 2(b) shows
that the fraction of the initial drop weight still remaining at the critical
point 1s about 0.79. The droplet radius increases rapldly near the critical
point as a result of the rapidly decreasing liquig density and despite the

high vaporization rate. Figures 3(a) and (b) depict the same parameters

9
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for a 100-micron-radius oxygen droplet under identical boundary conditions
as heptane in figure 2 except for injection temperature. The trends are
the same as for heptane but more severe in this case. The droplet reaches
the critical point very rapidly, even before the gas velocity has equaled
the droplet velocity. Less than 2 percent of the initial droplet mass
has evaporated at this time.

The results of all the droplet-history calculations are expressed
in figures 4 and 5. Figure 4 shows either the downstream distance where
96 percent of the droplet initiel mmss is vaporized or the location where
the critical point is reached, whichever occurs first, against total and
raduced total pressures. These distances are normalized for more con-
venient plotting by dividing by the corresponding distance calculated for
a total gas pressure of 100 psia, x

100°
the table in the figure. The curves in the region from A to B show the

Velues of X19p 8re listed in

lengths required to vaporize 96 percent of the initial droplet mass.

The initial slopes of the curves from A to B indicate the reduction in
vaporization length due to enhancement of the evaporation process by in-
creasing pressure. In the region of B, there is a marked increase in
slope, especially for the oxygen curves. This indicates that the critical
temperature is being approached by the droplets, and the curves from B

to D show the length required to reach the critical point. The second
inflection in the heptane curves at C occurs because the droplets have
achieved the critical temperature before the relative velocity between

gas and drop has reached zero. The thickness of the shaded region shows

Yor
the distance spread fmerf drops of 10, 100, and 1000 microns. initial radii.

10
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Heptane shows a sensitivity to drop size below the point B, This sensitivity
is due to the dependency of heptane droplet equilibrium temperature on r AV
as indicated by figure 1.

Figure 5 indicates the variation with total and reduced total pres-
sures of the percent welght evaporated before the critical point is reached.
When the total gas pressure equals the critical pressure, the oxygen curves
show that only 5 percent of the droplet mass was evaporated before the
critical temperature was reached. All curves are essentially independent
of initial droplet size.

These history calculations indicate that droplets evaporating in
rocket-engine conditions at high chamber pressures will achieve the cri-
tical point at relaetively short chamber lengths before an appreciable
amount of mass 1s evaporated. Accordingly, it must be concluded that the
vaporization model describes only a initial part of liquid-propellant com-
bustion under high pressure. When the critical point is reached, the
liquid interface vanishes. Diffusion of the propellant vapor into the
gaseous environment might then be the rate-controlling step of the com-
bustion process in the supercritical regime. Combustor design for high
pressures should include the possibility of a change in the rate-controlling
mechanism, Increasing the thrust level of existing hardware by raising
propellant flow density could also cause droplets to enter the super-
critical regime, since chanber pressure is also increased in the process.

Since the calculations have shown that liquid droplets can reach their
critical temperatures, it is appropriate to reexamine some of the assump-

tions originally made in the derivation of the equations. It should be

11
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emphasized that the theory used in these calculations breaks down very
near the critical point. In the original derivation, unidirectional dif-
fusion was assumed based on small regression rates of the liquid surface.
These rates become higher near the critical point. The use of the em-
pirical expressions for Nusselt nunbers may be questioned, since these
expressions were developed for droplets far from critical conditions.

Some physical properties, especially the thermal conductivity and diffusion
coefficient, are not accurately known near the critical point, and this
uncertsinty may affect these results. Droplet breakup was neglected,

but near the critical point the surface tension of the liquid becomes
very small, enhancing the possibility of breakup. The drag-coefficient ex-
pression used in the history calculations was determined for conditions
far from the critical point. Nevertheless, these factors only affect the
various rates involved and do not negate the posslibility that the droplets
can reach their criticel points.

In view of the very high heating rates, a more serious assumption
was that the temperature of the drop is always unlform throughout its
interior due to internal mixing. Absence of this mixing suggests that
only an outer "skin" of the droplet experiences the high heat fluxes, in-
sulating the colder liquid core and allowing liquid droplets to exist at
gas pressures and temperatures far sbove the critical conditions of the
liguid. Reference 3 was cited as an observation of the internal motion
required to produce a uniform droplet temperature, but the droplets in
reference 3 were not surrounded by a flame front. In reference 19, it

was observed that internal motion of burning droplets ceased soon after

12
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ignition, evidently because the surrounding combustion zone isolated the
droplets from the external gaseous flow field. Nonetheless, with conduc=-
tion as the only heat-transfer mechanism, reference 19 indicated that drops
soon acquire relatively uniform temperatures throughout theilr interiors as
evaporation proceeds. Furthermore, the droplets in reference 19 were sus-
pended in a natural convection field. Consideration of the severe external
gas flows that droplets experience in rocket combustors and the internal
liquid motion that the injection process must cause meskes the existence of
internal circulation seem highly probeble. Heptane and oxygen have low
viscosities, which mskes intermal fluid motion even more probeble. With
these considerations, the model of uniform droplet temperature due to an
effectively infinite liquid thermal conductivity seems more reelistic than
one involving & large temperature gradient in the droplet. The former
model 1s thus used in this paper. Only experimental measurements of in-
ternal droplet temperatures under very high incident heat fluxes and in a
variety of surrounding flow fields can serve as a test of this assumption.

Thus, despite these qualifications, it seems reasoneble to assume
that the critical-heating phenomenon described does occur at some high
pressure. At best, these calculations based on present vaporization theory
yleld acceleration, heating, and evaporation rates that describe droplet
behavior at high pressures. At the very worst, the computations define
the upper area of application of normal vaporization theory and indicate
that a vaporization model cannot be used as the sole design criteria for
extremely high-pressure combustors.

Critical heating of droplets mey also be applicable to combustion

13
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instebility models at high pressures, Figure 1 indicates that a heptane
droplet at a reduced chamber pressure of 2.0 with r AV = 10-4 could
achieve an equilibrium temperature. A gas-velocity fluctuation of suf=~
ficient magnitude to inerease r AV sgbove 10~3 would induce heating of
the droplet, perhaps to the critical point, with sufficient time of

action. This is not the case for oxygen. Similarly, a positive pressure
perturbation is reflected on figure 1 as an incrgase along the abscissa,
and the droplet temperature increases along a line of constant r AV +o
the critical point. From en estimate of heating rates from figures 2(a)
and 3(a), a 1000~cycle-per-second oscillstion with a root-mean-square pres-
sure asmplitude of 150 psi would have & high-pressure half cycle of adequate
action time and strength to cause droplets smaller than a 100-micron radius
to heat to the critical point from their equilibrium temperature at 700 psis.
Lower frequencies with increased periods meke this even more probsble,

The preceding conditions postulate an average chamber pressure low
enough to allow the droplets to obtain an equilibrium temperature at that
pressure. In this case, heating to the critical point is only possible dur-
ing the high-pressure half cycle of the oscillation. On the other hand, a
corbustor operating at an instantaneous pressure always sbove the value
necessary for the propellant droplets to heat to the critical point could
experience this critical heating over the entire pressure cycle. Some
droplets will have normal lifetimes shorter than the period of the ogecilla-~
tions, and more of these droplets would reach the critical point during

the half cycle when the pressure and heating rates are the highest.

14
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Both the velocity and pressure fluctuations would affect only small
to medium-sized droplets. Large heptane drops greater than sbout 100~micron
radius would alfready be on the curve of high r AV (fig. 1) because of
the large value of r. A further increase in AV ' thus would not affect
the steady-state liquid temperature. Also, a large drop of either pro-
pellant has considerable thermsl inertia with lower heating rates and
could not respond to an oscillating pressure wave. The pressure wave
thus would tend to shift the propellant spray size distribution by the
heating of small drops to the critical point. The temperature of small
droplets would respond rapidly to the instentaneous pressure and would
tend to reach the critical point during the high-pressure portion of each
oscillation. The thermsl inertia of the large drops would tend to average
the fluctuating heating rate, and their temperature would be relatively un-
affected over a single cycle. Since sprays generally contain a large
number of small drops, overall evaporation rates could vaery widely with
tine.

If many droplets are attaining the critical point, the mechanism for
driving a wave under this condition mey differ from the case where no
critical heating occurs. Mit 1s pointless at this time to attempt a de-
tailed examination of the absolute effect this critical heating phenomena
might have on the combustion process. Too little is known sbout these
processes at high pressure. The previous discussion only delineates the
conditions under which the phenomena could occur and points out that a

potential change in mechanism could exist in the high-pressure regime.
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CONCLUSIONS

The following conclusions may be made as results of the calculations pre~
sented herein. Propellant droplets may heat to thelr critical points under
sufficiently high gas pressures., This phenomenon defines the upper limit
of application far vaporization theory in the design of high-pressure
combustors, and it could be involved in conbustion-instability mechanisms
at high pressures. A better definition of this process requires the evolu-
tion of a new theory including equimolsl counter diffusion. Some other
work required to define this little-known regime involves accuraste evalua-
tion of physical properties near the critical point, studies of the effect
of pressure and gas velocity perturbations on droplet evaporation rates
and tempersture fluctuations at high mean gas pressures, determination of
temperature gradients in droplets experiencing high incident heat fluxes,

and experimental verification of the existence of the critical heating

phenomenon.
SYMBOLS
Cp specific heat, Btu/(1b)(°R)
D diffusivity, ftz/sec
Hy heat of vaporization, Btu/lb
k thermal conductivity, Btu/(£t)(sec)(°R)
In natural logarithm
M molecular weight, 1b/lb-mole
PL vapor pressure of liéuid at droplet surface, :L‘b/ft2
Pp  total pressure of combustion gas, 1b/£t2
Pr

Prendtl Number, (Cp nun/k;)

16
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R gas constant, ft-1b/(1b-mole)(°R)
Re Reynolds number, (ermJAV[/um)
r droplet radius, ft

Sc Schmidt number, (um/Dme)

T temperature, OR

Tp,p 1liquid equilibrium temperature, °gr
t time, sec

U gas velocity, ft/sec

LA drop velocity, ft/sec

UF final gas velocity, ft/sec

AV velocity difference between gas and drop, U - Uy, ft/sec

W droplet weight, 1b
X distance downstream from injection, ft
X100 distance required to vaporize a drop under 100-psia pressure and

at specified conditions, ft

Z heat-transfer factor

P density, Ib/ft3

M viscosity, 1b/(ft)(sec)
Subscripts:

crit critical value for liquid

G gas value

L liquid value

m mean value based on film composition and/or temperature
o] initial value 17

T gas value

v vapor value
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APPENDIX A
PROFERTY EQUATTONS FOR WATER VAPOR,
RANGE 1800° R < T, < 3800° R
Cp o = ~1.427X107° T2 + L.4511x107% T_ + 0.33575

p,G
+ 235,67 (P,}‘, 058 /2. 854)., Btu/(1b) (°R)

ko = -4.05x10713 T2 + 1.4674x10"8 T, - 6.729x1076, Btu/(ft)(sec)(°R)

Mg = =7.95x1071° 12 + 155501078 T - 1.5544x1076, 1b/(£t) (sec)
-7 . -3

D, = (7.067x10 ler; + 2.0244x107° T, - 1.2285) /Py, £t2 [sec

18
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APPENDIX B
CONDITIONS CAUSING DROPLET CRITICAL HEATING
Examination of equations (1) and (5) and consideration of the physical
process causing thermal equilibrium explain the results of figure 1. The
three most important paresmeters in determining the equilibrium temperature

are the heat of vaporization Hy, and the veapor pressure Py and total

P,
pressure PT contained in ln<% I P‘>' As the ligquid temperature Ty,
T™ "L
P
incresses, By decreases, snd Py and ln(%r—%;ir) increase. For a con-
T L

stant pressure and velocity flow field around the droplet, the mass-

transfer rate dw/dt 1s roughly proportional to ln(P
T
&8 proportionality factors The enthalpy transferred away from the drop

) with X as

surface is proportional tothe product of Hy and dw/dt.

Consider three cases: (I) Pp <Py, (II) P <Pp <P and (ITI)

crit?
PLJS Pcrit < PT‘ Case T corresponds to flash vaporizatlion. The equations
of this paper do not describe this process. Thengeneral history of a

droplet for cases II and III are illustrated in figure 6. For simplicity,

8 constant incident heat flux to the droplet surface QIN was assumed.

In case II, the droplet temperature rises to the steady-state temperature

TL,E’ vhere Qru = Q= Hy (aW/at). since Py < P,.i4’ P can approach

PT ~- P

correspondingly, a very high mass-transfer rate, Then Qour may also be-

Pp as close as necessary to give a very high value of ln( Prp ) and,
L

come a8 large sg necesss&ry o equal QIN’ and an equilibrium temperature
is thus alweys sssyred.

In case ITI, however, Pp > P,.;y &nd the mass-transfer rate has an

19
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P
upper limit defined by 1n(§'7?%§"') at Ty =T Since the heat of
T crit

erit®
vaporization HV goes to zero at this point, the quantity Qouyr Treaches
a maximum st a short distance below T.p.it then decreases to zero at
Topite If Quyp = Qpy before this maximum occurs (curve (a)), an equilib-
rium temperature exists. If the maximum of Qou is exactly equal to

QIN (curve (b)), the equilibrium temperature which is the highest obtainable,
occurs gt the meximum. If the maximum of QouT is less than Qpy

(curve (c)), the droplet continues heating the criticel point. As Pp in-
creases, curve (a) is shifted toward curve (c).

The preceding simplified model grossly describes the behavior of drop-
let equilibrium temperatures. However, the physical properties, the flow
field surrounding the drop, end the gas temperature can also have an ef=-
fect on steady-state tempersture, as indicated in equations (1) and (5).

C
For heptane, the property group <TE%§E§¥§> contained in 2z in equation (5)
oo
- varies in velue from 0.22 to 2.2, and the gradient of vepor pressure with

liquid temperature is not very steep compared to oxygen. As a result,

small changes in Ty do not cause large changes in ln<%TP? Pi>‘ Coupled
with an apprecisble heat of vaporization (12 to 30 Btu/lb) in the region
1° to 10° F below the critical point, this causes the maximum Qoyrs and
hence the equilibrium temperature,to occur sbout 7° R below the critical
temperature. It also allows other parameters to affect the solution.

The influence of Nussell nunmber is indicated by the family of curves for
heptane in figure 1. An increase in total gas temperature from 4000°

to 6000° R causes a maximm increase of about 9° R in steady-state tempera-

ture and a lz—péi decrease in the total priffrre required to reach the criti-

cal point.
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. v DyMp,
In contrast, oxygen has a range in kR from 0.0l to 0.16, a

smeller heat of vaporization (2 to 15 Btu/lb) in the region 1° to 10° R
below the critical temperature, and a very steep gradient of vapor pressure

with liquid temperature. Thus, the steady-state temperature solution occurs
P,

where ln(FT = P;) is large and is changing rapidly with small changes in
vepor pressure. This eliminates any effect of Nusselt number, end one

curve of equilibrium temperatures satisfies all values of r AV with solu~-
tions still existing very close to the critical temperature of the liquid.
This behavior is exhibited by oxygen in figure 1. Oxygen also shows only

a tenth of a degree difference in equilibrium temperature when gas tempera-

ture is varied from 4000° to 6000° R.
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FIGURE LEGENDS

Figure 1. - Effect of total pressure on reduced droplet equilibrium
tempgrature for heptane and oxygen droplets., Gas temperature,
5000™ R.

(a) Reduced tempersture and evaporation rate.
(b) Weight ratio and radius.

Figure 2. - Heptane droplet history. Initial droplet radius,3.2808><10‘4
£t (100 microns); gas pressure, 1000 psia; gas temperature, 5000° R;
final gas velocity, 800 ft/sec; droplet injection velocity, 80 ft/sec;
droplet injection temperature, 650° R.

(a) Reduced temperature end evaporation rate.
(b) Weight ratio and radius.

Figure 3. - Oxygen droplet history. Initial droplet radius, 3.2808x10™%
£t (100 microns); gas pressure, 1000 psia; gas temperature, 5000° R;
final gas velocity, 800 ft/sec; droplet injection velocity, 80 ft/sec;
droplet injection temperature, 140° R.

Figure 4. - Normellzed vaporization length of heptane and oxygen droplets.
Final gas velocity, 800 ft/sec; gas temperature, 5000° R; initiel drop-
let velocity, 80 ft/secj initial droplet temperature: heptane, 650° R;
oxygen, 140° R.

Figure 5. - Percent weight vaporized before the critical point is reached
for heptane and oxygen droplets. Final gas velocity, 800 ft/sec; gas
temperature, 5000° R; initial droplet velocity, 80 ft/sec; initial drop-
let temperatures: heptane, 650° R; oxygen 140° R.

Figure 6., - Variation of droplet heat and mass-transfer rates (QIN’ Qours
dw/dt) and heat of vaporization (Hy) with liquid temperature, T..

L
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REDUCED DROPLET EQUILIBRIUM TEMPERATURE, T, g/T¢it
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Figure 1. - Effect of total pressure on reduced droplet equilibrium tempera-

ture for heptane and oxygen dropleté éas temperature, 5000° R.
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DROPLET WEIGHT RATIO, W/W,
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(b) Weight ratio and radius.

Figure 2. - Concluded. - Heptane droplet history. Initial droplet radius,
3.2808XL0"4 £t (100 microns); gas pressure, 1000 psia; gas temperature, 5000° R;
final gas velocity, 800 ft/sec; droplet injection velocity, 80 ft/sec; droplet
injection temperature, 650° R.
28



E-1973

REDUCED DROPLET TEMPERATURE, T/ Tesit

DOWNSTREAM DISTANCE, x, FT

(2) Reduced temperature and evaporation rate.

Figure 3. - Oxygen droplet history.

temperature, 140° R.
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Initial droplet radius, 3.2808x107% £t (100
microns); gas pressure, 1000 psia; gas temperature, 5000° R; final gas veloc-
ity, 800 ft/sec; droplet injection velocity, 80 ft/sec; droplet injection

29

DROPLET EVAPORATION RATE, dW/dt ,

—6X106

LB/SEC



‘H o0FT ‘eangeasdwsy uotyoafur gqordoap momm\ph 08 ‘£q100ToA uorjoalur gaoTdoap momm\pm 008
‘£y1o0T8A $B8 TBUTLI Y 40005 ‘aangexsdwsy sed felsd 00QT ‘sanssoxd sB3 { (suoxdTWw OOT)
13 $-0TXB082"¢ ‘snTped 33Tdoap TBIITUI - £I038TY 39TdOIp USBAXQ - *popnTouoc) - °¢ sandtg

*SNTPBI PUB OTGBI JUIToM Apv

14 X "JONVLSIQ WV3INLSNMOQd

30

O_O. wn_vO. wm_uO. .vﬂo. Nm_uO. n_u
J3SW 4 '3WIL
o¢ 2\l or 80° 90’ 140} FA0) 0]
] _ _ _ _ _
2 g
o B 1
=
2
m
-
o)
> O'b—
O
c
7
n SY—
- —86
0
/F "
pOIXO'GL— ON|

CLET-H

°M/M ‘OILVY LHOIM 1371d0¥a



E-1973

NORMALIZED DOWNSTREAM DISTANCE WHERE EITHER

96 PERCENT OF DROPLET WEIGHT IS EVAPORATED

OR THE CRITICAL POINT IS REACHED, x/x00

el
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Figure 4. - Normalized vaporization length of heptane and oxygen droplets.
Final gas velocity, 800 ft/sec; gas temperature, 5000° R; initial drop-
let velocity, 80 ft/sec; initial droplet temperatures: heptane, 650° R;

oxygen, 140° R.
31




E-1973

PERCENT WEIGHT VAPORIZED WHEN THE CRITICAL POINT IS
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Figure 5. - Percent weight vaporized before the critical point is reached
for heptane and oxygen droplets. Final gas velocity, 800 ft/sec, gas
temperature, 5000° R; initial droplet velocity, 80 ft/sec, initial
droplet temperatures: heptane, 650° R; oxygen, 140° R
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